ABSTRACT: Alzheimer's disease is a progressive neurodegenerative disease characterized neuropathologically by the development of large numbers of neurofibrillary tangles in certain neuronal populations of affected brains. This paper presents a review of the available evidence which suggests that aluminum is associated with Alzheimer's disease and specifically with the development of the neurofibrillary tangle. Aluminum salts innoculated into experimental animals produce neurofilamentous lesions which are similar, though not identical, to the neurofibrillary tangle of man. Although a few reports have suggested evidence of increased amounts of aluminum in the brains of Alzheimer's disease victims, such bulk analysis studies have been difficult to replicate. Using scanning electron microscopy with x-ray spectrometry, we have identified accumulations of aluminum in neurofibrillary tangle-bearing neurons of Alzheimer's disease. Similar accumulations have been identified in the neurofibrillary tangle-bearing neurons found in the brains of indigenous natives of Guam who suffer from parkinsonism with dementia and amyotrophic lateral sclerosis. This ongoing research still cannot ascribe a causal role of aluminum in the pathogenesis of neurofibrillary tangle formation; however, it does suggest that environmental factors may play an important part in the formation of this abnormality. RESUME: La neurotoxicity de Paluminium: son role possible dans la pathogenese de la formation des enchevetrements neurofibrillaires. La maladie d'Alzheimer est une maladie neurodegenerative progressive caracterisee au point de vue anatomo-pathologique par le developpement d'un grand nombre d'enchevetrements neurofibrillaires au sein de certaines populations de neurones dans le cerveau des sujets atteints. Cet article presente une revue des donnees disponibles suggerant que I'aluminium est associee a la maladie d'Alzheimer et plus sp6cifiquement a la formation des enchevetrements neurofibrilliares. Des sels d'aluminium injectes a des animaux de laboratoire provoquent la formation de lesions neurofilamenteuses qui sont similaires aux enchevetrements neurofibrillaires chez l'homme, sans toutefois etre identiques. Meme si quelques auteurs ont rapporte des observations suggeYant que la quantity d'aluminium est augmentee dans le cerveau des patients atteints de la maladie d'Alzheimer, de telles analyses globales ont ete difficiles a reproduire. Nous avons identifie des accumulations d'aluminium dans les neurones porteurs d'enchevetrements neurofibrillaires dans la maladie d'Alzheimer, au moyen de la microscopie electronique avec spectrometrie, a rayons X. Des accumulations similaires ont ete identifiees dans les neurones porteurs d'enchevetrements neurofibrillaires dans le cerveau d'indigenes natifs de Guam qui souffrent de parkinsonisme accompagne de demence et de sclerose laterale amyotrophique. Cette recherche qui se poursuit ne peut pas encore attribuer un role causal a I'aluminium dans la pathogenese de la formation des enchevetrements neurofibrillaires; cependant elle suggere qu'il est possible que des facteurs environnementaux jouent un role important dans la genese de cette anomalie.
The neurofibrillary tangle, first described by Alzheimer in 1907,' and the senile (neuritic) plaque are regarded as the two hallmark neuropathologic alterations seen in the brains of victims of Alzheimer's disease. 2, 3 While one sees numerous examples of these two pathologic changes in brain specimens from the severely demented, the brains of non-demented elderly individuals also contain small numbers of identical lesions. 45 Although age represents a significant factor, these histologic lesions likely represent the reaction of the nervous system to unidentified insults. Whether these insults are genetic, metabolic, toxic, infectious or immunologic remains a mystery. Over the past several years, evidence has accumulated to suggest that the presence of aluminum in neurons is associated with neurofibrillary tangle formation and may represent a pathogenetic factor for Alzheimer's disease. In this report, we will review this evidence and discuss these findings in the context of current concepts of Alzheimer's disease.
Aluminum Neurotoxicity in Animals
The potential association of aluminum and Alzheimer's disease began with the virtually simultaneous reports of Klatzo THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES and co-workers 6 and of Terry and Pena 7 describing the induction of neurofibrillary degeneration in rabbits following exposure of the central nervous system to aluminum salts. These workers and others documented the appearance of prominent widespread neurofilamentous accumulations within days of introducing aluminum salts directly into the cerebral cortex or within the intrathecal space. 8, 9 These experimentally-induced neurofilamentous changes, on the light microscopic level of resolution, were originally thought to be similar to human neurofibrillary tangles.
Early electron microscopic studies led most investigators to consider the neurofibrillary tangle of human Alzheimer's disease to be composed of an altered microtubule (the so-called "twisted tubule"). 10 Further ultrastructural evaluation modified this concept and the human neurofibrillary tangle is now considered to be composed of large numbers of pairs of 10 nm. filamentous structures wound in a helical fashion, that is, the so-called paired-helical filament." 12 The aluminum-induced tangles are composed of straight neurofilaments. 710 Mechanisms for the formation of this unique paired-helical configuration remain unknown. The inherent resistance of these pairedhelical filaments to become solubilized following harsh proteolytic treatment has significantly hampered the biochemical analysis of this structure. 13 However, recent antigenic evidence suggests that altered cytoskeletal proteins may form the basic components of paired-helical filaments. 
Bulk Tissue Aluminum Analysis of Human Brain Tissues
The existence of the rabbit animal model stimulated CrapperMcLachlin and his colleagues to determine the aluminum content of brain tissues collected from victims of Alzheimer's disease and of non-demented controls. In 1973, they reported that the brain aluminum content of Alzheimer's disease specimens was significantly elevated when compared to controls. 16 Although dealing with regional bulk elemental content, they indicated that areas with the highest aluminum content tended to contain large numbers of neurofibrillary tangles. 1617 This work has been difficult to replicate and this subject remains controversial. 1819, 20 All of these studies use brain tissue assay techniques (atomic absorption spectrometry and neutron activation analysis) which, by their very nature, involve a homogenization of a relatively large sample volume. In a situation of focal accumulation of an element in association with certain focal cellular lesions, dilution of that element within the relatively large total sample subjected to analysis might result in an inability to detect significant differences between affected and uninvolved tissues.
Intracellular Aluminum Analysis in Alzheimer's Disease
In our laboratory, we have developed techniques for the determination of the elemental content of individual neurons using scanning electron microscopy in conjunction with energy dispersive x-ray analysis. 21 The tissue to be analyzed is prepared as 20 micron thick frozen sections of formalin fixed brain samples. Large pyramidal neurons are identified for elemental analysis by examination of the secondary electron surface images or by the appearance of back-scattered electron images obtained from silver stained sections. Once a cell is selected for analysis, the electron beam is focussed to approximately one micron in diameter and is directed to a particular portion of the cell. This minute part of the tissue section is irradiated with the focussed electron beam, thus producing x-rays. The x-rays which are emitted from the tissue are characteristic in their energy levels for the elements contained within the irradiated portion of the target. By collecting and analyzing samples of the emitted x-rays produced from selected portions of individual neurons, we have been able to provide information about their elemental content on a cell-by-cell basis.
Using this technique, we have detected intraneuronal accumulations of aluminum within neurofibrillary tangle-bearing neurons in the hippocampus of brains obtained from Alzheimer's disease patients. 22 Adjacent tangle-free neurons in these cases, as well as similarly prepared age-matched controls, failed to show a similar degree of aluminum accumulation. These findings have been obtained in both silver stained preparations as well as unstained sections of severely involved tissues. 23 
ALS/Parkinsonism-Dementia in the Guamanian Chamorro as a Model for Human Neurofibrillary Tangle-Formation
Despite the fact that the neurofibrillary tangle is a pathologic hallmark of Alzheimer's disease, neurofibrillary tangles are encountered in association with a wide variety of other nervous system disorders. 24 These include, among others, post-encephalitic parkinsonism, post-traumatic dementia (dementia pugilistica), Down's syndrome in middle age, subacute sclerosing panencephalitis (SSPE), certain cases of manganese and lead poisoning, and the parkinsonism dementia/ALS complex endemic to the native Chamorro people living on Guam. Although this list contains diseases with a wide range of etiologies (trauma, viruses, genetics, etc.), the underlying mechanism for neurofibrillary tangle formation in each specific clinical setting remains unknown.
The Chamorro are a group of indigenous people native to the island of Guam who show an inordinate tendency towards neurofibrillary tangle formation. Medical attention was originally attracted to this population when it was discovered, soon after World War II, that they suffered an extremely high incidence of a form of parkinsonism in association with severe dementia (parkinsonism-dementia of Guam) as well as of amyotrophic lateral sclerosis. 25, 26 Neuropathologic examination of the brains of cases of Guamanian parkinsonism-dementia showed a profound loss of pigmented neurons in the substantia nigra and widespread severe neurofibrillary tangle formation. 27 Evaluation of the amyotrophic lateral sclerosis cases from Guam showed the classic features of motor neuron degeneration and severe neurofibrillary tangle formation, a feature rarely encountered in ALS seen elsewhere in the world. 28, 29 Research activities related to the neurologic problems of the Guamanian Chamorros have centered primarily on attempts to determine underlying pathogenetic mechanisms responsible for their motor neuron degeneration. Dr. D. Carleton Gajdusek summarized the hope of many of the researchers involved in these studies when he wrote " . . . discovery of its cause and pathogenesis in these intensively affected populations will surely contribute to a better understanding of the disease (ALS) elsewhere." 30 It has been our belief that the remarkable tendency of the Guamanian Chamorro to develop widespread severe neurofibrillary tangles represents a similar opportunity with respect to this aspect of Alzheimer's disease. Accordingly, we have evaluated the trace elemental constituents of tangle-bearing and non-tangled hippocampal neurons of Guamanian Chamorros. In collaboration with the NIH-Labor-atory for Central Nervous System Studies, we have prepared brain tissue samples for intraneuronal trace element analysis. Using our techniques for scanning electron microscopy with x-ray energy spectrometry, we have demonstrated that aluminum accumulates selectively within tangle-bearing neurons in the Guamanian Chamorro.
3 ' Studies were conducted in which hippocampal brain sections were produced and x-rays from individual neurons were collected and quantified under carefully standardized conditions. In this study the x-rays related to the presence of aluminum emitted from the tangle-bearing neurons were 3-4 times greater than those emitted from the neuronal populations analyzed from tangle-free Guamanian control samples. This dramatic accumulation of aluminum within the tangle-bearing neurons of the Guamanian Chamorro has now been independently confirmed using a different form of x-ray spectrographic imaging. 32 
Laser Microprobe Mass Analysis
Recently, we have begun to apply laser microprobe mass analysis, or LAMMA, to this problem. 33, 34 This new technology allows elemental analysis of plastic embedded semi-thin tissue sections. The equipment (we utilize the LAMMA 500 manufactured by Leybold-Hereaus of W. Germany) produces a high energy laser beam pulse which is focussed onto the specimen by the objective of an optical microscope. The high energy laser is directed to the point of interest by a colinear He-Ne continuous low energy laser which appears as a red spot on the semi-thin (0.5 micron thick) plastic embedded tissue section. The interaction of the high energy laser pulse with the tissue ionizes/vaporizes a microvolume of the section with a diameter of approximately one micron. The ions which are generated pass down the evacuated column of a time-of-flight mass spectrometer where they are separated and detected according to their mass number. The instrument has been linked to a dedicated Micro PDP-11/23 computer using an RT-11 operating system. Specific programs have been written to allow for the transfer and storage of mass spectra, calibration of the spectra, peak identification and peak height integration, spectral averaging and plotting. The details of the operation of the instrument and methods of analysis are provided elsewhere. 33, 35 Using this technology, we have begun to study the elemental constituents of tangle-bearing and tangle-free neurons of specimens derived from Guamanian ALS and tangle-free native controls. 33, 35, 36 While these studies are preliminary in nature, we have shown evidence of selective accumulation of aluminum within the tangle-bearing neurons of several of these Guamanian cases (Figures 1, 2) .
DISCUSSION AND CONCLUSIONS
The nature and significance of the association of aluminum with the neurofibrillary tangle remains to be determined .Aluminum represents the third most common element on the surface of the earth and the most common metallic substance. Despite its abundance in the environment, aluminum is not generally considered to be essential for any biologic process. 37 Although aluminum has been thought to be a relatively non-toxic substance, an increasing amount of data has emerged over the past several years to suggest that it may exert a deleterious effect on a number of biologic processes. This includes evidence that aluminum can produce cross-linking of DNA strands, 38 can affect the activity of a number of enzyme systems including those involved in neurotransmitter function, 40 -4M2 - 43 and can bind competitively with calmodulin and affect its structural configuration. 45, 46 When aluminum gains access to the central nervous system of certain animal species, it acts as a potent neurotoxin. The element's accumulation in the nervous system of patients with Alzheimer's disease represents a finding which remains unexplained. Excessive or abnormal exposure to aluminum containing products does not seem to precede the development of THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES Alzheimer's disease, 46 although, considering the ubiquitous abundance of the element in our natural as well as commercial environment, the ability to take a reliable aluminum exposure history is quite limited. It is possible that Alzheimer's disease leads to a breakdown of the biologic barriers to aluminum's access to neurons.
Finally, we must consider the results of studies from the natives living on the island of Guam. As mentioned above, we originally approached Guam as a model system for neurofibrillary tangle formation. It is our feeling that an understanding of the pathogenesis of neurofibrillary tangle formation among the Guamanian Chamorro will provide important insights into neurofibrillary tangle formation in other settings. One conclusion, based on over thirty years of investigation, is that whatever mechanism is responsible for the unique epidemic of neurodegenerative diseases seen on Guam is related to the effects of environmental factors, with little influence of mutational events in the genetic pool. 47 ' 48 ' 49 We may then infer that certain environmental conditions on the island of Guam have led to the large numbers of neurofibrillary tangles seen in affected natives. Whether the accumulation of aluminum in neurofibrillary tanglebearing neurons causes this pathologic lesion or represents a secondary finding is still not clear. We anticipate that the search for an answer to this basic question will occupy our research activities for the next several years.
